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Abstract 

Recent  progress  in  microelectrode  voltammetry  in  solutions  without  or  with  low  concentrations  of  supporting  electrolyte  is 
reviewed.  The  following  points  are  addressed:  mathematical  treatment  of  transport,  experimental  setup,  steady  state  and  non 
steady  state  transport,  migration  coupled  with  homogeneous  equilibrium,  voltammetry  in  undiluted  redox  liquids,  studies  on  the 
mechanism  of  the  electrode  processes,  transport  of  ions  in  solutions  of  polyelectrolytes  and  colloids,  and  analytical  applications. 
©  1999  Elsevier  Science  S.A.  All  rights  reserved. 
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1.  Introduction 

Voltammetric  measurements  in  solutions  of  very  low 
ionic  strength,  including  those  without  deliberately 
added  supporting  electrolyte,  became  possible  by  using 
microelectrodes,  electrodes  with  at  least  one  essential 
dimension  in  the  range  of  micrometers  or  less.  Voltam¬ 
metric  measurements  without  supporting  electrolyte  de¬ 
parted  significantly  from  the  traditional  way  such 
measurements  were  performed.  ‘Traditional5  voltamme¬ 
try  required  an  excess  of  electroinactive  ions  to  make 
the  solution  sufficiently  conductive,  to  make  a  compact 
double  layer,  and  to  suppress  migration  of  electroactive 
species.  Electrode  processes  at  microelectrodes  are  usu¬ 
ally  associated  with  very  low  currents  in  the  range  of 
nano-  or  picoamperes.  Consequently,  it  might  seem 
straightforward  that  even  in  solutions  of  very  high 
resistance,  the  ohmic  IR  drop  is  very  low.  However, 
there  is  one  specific  phenomenon  which  contributes  to 
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lowering  of  the  ohmic  drop.  This  is  an  increase  in  ionic 
strength  in  the  depletion  layer  while  the  electrode  reac¬ 
tion  of  an  uncharged  substrate  advances.  The  ionic 
strength  increases  as  a  result  of  the  formation  of  the 
charged  products  accompanied  by  drawing  of  appropri¬ 
ate  amounts  of  counterions  from  the  bulk  solution. 
This  allows  voltammetric  measurements  in  solutions  of 
low  conductivity,  e.g.  solutions  without  added  support¬ 
ing  electrolyte  or  simply  solutions  of  low  support  ratio, 
y,  which  is  the  ratio  of  the  concentration  of  supporting 
electrolyte  to  the  concentration  of  the  reactant.  It 
should  be  mentioned  here  that  it  is  possible  to  have 
both  a  relatively  high  conductivity  and  a  low  support 
ratio;  this  is  the  case  with  a  very  high  concentration  of 
electroactive  species.  For  neutral  reactants,  the  use  of 
regular-size  electrodes,  with  sizes  in  the  range  of  mm, 
was  practically  not  possible  in  solutions  of  low  ionic 
strength.  Consequently,  some  media  that  were  not  ac¬ 
cessible  for  voltammetric  studies  are  now  open  for 
measurements  with  microelectrodes.  Eventually,  the  ex¬ 
perimental  interest  in  no  supporting  electrolyte  voltam¬ 
metry  triggered  work  on  development  of  rigorous 
mathematical  models. 


0022-0728/99/$  -  see  front  matter  ©  1999  Elsevier  Science  S.A.  All  rights  reserved. 
PII:  S0022-0728(99)00 141-2 


130 


M.  Ciszkowska,  Z.  Stojek  / Journal  of  Electroanalytical  Chemistry  466  (1999)  129-143 


Measurements  without  supporting  electrolyte  were 
initiated  already  in  the  1930s,  in  parallel  to  the  growth 
of  polarography  [1,2].  However,  those  basic  studies 
were  limited  to  ionic  species.  Instrumentation  was  poor, 
and  insufficient  attention  was  given  to  the  presence  of 
adventitious,  unwanted  ions  in  the  solutions. 

There  is  a  number  of  reviews  on  the  characterization 
and  application  of  voltammetry  with  microelectrodes 
[3-14],  The  recent  intensive  progress  in  the  area  of 
voltammetry  in  low  ionic  strength  media  inspired  us  to 
present  an  overview  of  the  current  status  and  opportu¬ 
nities  for  electroanalytical  techniques  in  media  of  low 
support  ratio.  The  following  aspects  are  selected  and 
discussed  in  this  paper:  mathematical  treatment  of 
transport,  experimental  setup,  steady-state,  non  steady- 
state  and  convective  voltammetry,  migration  coupled 
with  homogenous  equilibrium,  voltammetry  in  undi¬ 
luted  liquid  organic  substances,  studies  on  the  mecha¬ 
nism  of  the  electrode  processes,  studies  in 
polyelectrolytes  and  colloids,  and  analytical 
applications. 


2.  Mathematical  treatment  of  transport 


Under  steady  state  conditions,  a  spherical  diffusion 
field  is  formed  at  the  surface  of  disk-  or  spherical 
(hemispherical)  microelectrodes.  This  and  substantial 
mathematical  simplifications  are  accountable  for  choos¬ 
ing  of  the  transport  equations  in  spherical  coordinates 
to  model  (in  most  theoretical  treatments)  migrational 
currents  at  microelectrodes.  Consequently,  before  any 
comparison  with  the  theory,  experimental  steady-state 
currents  for  disk  microelectrodes  should  be  corrected 
by  a  factor  of  n/2,  while  those  obtained  with  hemi¬ 
spherical  microelectrodes  can  be  compared  directly. 

The  transport  of  species  i  is  described  by  its  flux, 
according  to  the  Nernst-Planck  equation,  which  in  the 
spherical  coordinates  can  be  written  as: 


-A 


ztF  3<p 
RfCi~fr 


i  =  S,  P.AorC  (1) 


where  S  denotes  the  substrate,  P  denotes  the  product, 
and  A  and  C  refer  to  the  anion  and  the  cation  of 
supporting  electrolyte,  respectively.  Dh  ct  and  z,  are  the 
diffusion  coefficient,  concentration,  and  the  charge  of 
ith  species,  respectively,  (j)  is  the  electrostatic  potential 
in  the  solution,  and  R ,  T,  and  F  have  their  usual 
meanings.  Eq.  (1)  was  used  to  model  systems  under 
steady-  and  non-steady  state  conditions  [15-22].  As 
was  shown  by  Oldham  [17,18],  it  is  convenient  to 
transform  Eq.  (1)  to  the  following  form: 


Jj 

2nDi 


(la) 


to  obtain  the  total  flux  across  the  hemisphere  of  radius 
r .  This  flux  is  not  only  invariant  with  time,  but  is  also 
uniform  in  space. 

The  transport  dynamics  of  each  species  is  described 
by  the  following  equation: 


Sc,  n  ( a2c,  2  dcA 
dt  \dr2  +  r  Sr) 


ny£(sf±d_cLdi2cidj_ 

'  RT\  '  dr 2  dr  dr  r  dr 


) 


=  0 


i  =  S,  P,  A  or  C 


(2) 


and  this  equation  together  with  appropriate  boundary 
conditions  is  used  to  calculate  the  transient  currents,  see 
for  example  Refs.  [23-26]. 

The  first  successful  attempt  to  predict  the  current  for 
the  reduction  of  a  cation  (or  the  oxidation  of  an  anion) 
in  the  absence  of  supporting  electrolyte  was  presented 
by  Amatore  et  al.  [15].  The  authors  used  Eq.  (2)  in  an 
equivalent  form  for  cylindrical  diffusion,  and  by  em¬ 
ploying  the  Nernst  layer  approach  and  assuming  the 
steady-  or  quasi  steady-state  conditions  they  obtained  a 
solution,  which  was  correct  for  all  types  of  microelec¬ 
trodes.  This  was  shown  in  their  next  paper  [16],  in 
which  the  mathematical  solution  was  extended  to  all 
simple  electrode  processes.  The  same  year,  using  Eq. 
(la),  Oldham  presented  a  more  rigorous  treatment, 
including  the  analysis  of  the  ohmic  drop  [17].  After 
assuming  that  the  electroneutrality  principle  is  obeyed, 
it  can  be  shown  that  the  total  solute  concentration  (Sc,-) 
is  uniform  throughout  the  solution  [15,17,18]. 

Steady-state  theoretical  voltammograms  can  be  also 
obtained  by  using  the  chronopotentiometric  approach 
and  assembling  the  I-E  pairs  [27]. 

If  the  electroneutrality  principle  is  not  obeyed  (see 
the  discussion  in  Section  2.1)  then  either  Poisson’s 
equation  [28] 


d  fd<j)\ 
Jr\dr) 


8£t 


(3) 


or  the  equivalent  displacement  current  equation  [29] 
must  be  used  to  treat  the  electrical  migration  problems. 
Generally,  to  solve  any  system  of  equations  that  con¬ 
tains  Eq.  (2)  and  possibly  Eq.  (3)  one  should  turn  to 
digital  simulation.  Successful  implementation  of  various 
digital  simulation  methods  can  be  found  for  example  in 
Refs.  [24,28,29].  (See  also  the  references  in  Sections  5.1, 
5.2  and  7.) 


2.L  Electroneutrality 

It  is  usually  assumed  that  the  electroneutrality  princi¬ 
ple  is  obeyed  at  any  point  in  the  solution  (Z^-z,-  =  0). 
Norton  et  al.  [28]  have  shown  that  this  principle  does 
not  hold  when  the  depletion  layer  is  entirely  or  in  a 
significant  part  included  in  the  double  layer.  On  the 
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basis  of  their  data,  one  can  make  the  following  conclu¬ 
sions.  The  depletion  layer  thickness  can  be  estimated  as 
10ro,  where  r0  is  the  electrode  radius,  and  the  thickness 
of  the  double  layer  is  ca.  5k-1,  where  k-1  is  the 
Debye-Huckel  length,  k~  1  =  {E£0kTj2c°z2e2y2,  where 
c°  is  the  bulk  z:z  electrolyte  concentration.  For  a 
univalent  electrolyte  in  aqueous  solution,  the  approxi¬ 
mate  k~1  values  are  10  nm,  100  nm  and  1  pm  for 
concentrations  of  10  “3,  10  ~ 5  and  10“ 7  M,  respec¬ 
tively.  This  thickness  will  diminish  significantly  if  the 
electrode  potential  departs  from  the  potential  of  zero 
charge  by  more  than  0.02  V.  For  the  usual  sizes  of 
microelectrodes  (r0  larger  than  1  pm),  and  the  concen¬ 
tration  of  electrolyte  not  lower  than  10  ~6  M,  the 
double  layer  thickness  becomes  insignificant  compared 
to  the  depletion  layer  thickness  (note  that  an  ion  con¬ 
centration  of  10“ 6  M  is  very  often  that  of  a  solution 
without  deliberately  added  supporting  electrolyte).  On 
the  other  hand,  if  the  radius  of  the  electrode  is  smaller 
than  ~  0.1  pm,  violation  of  the  electroneutrality  princi¬ 
ple  may  occur  in  the  presence  of  excess  supporting 
electrolyte  [30]. 

There  is  a  kind  of  contradiction  between  the  elec¬ 
troneutrality  principle  assumed  in  calculations  and  the 
existence  of  a  potential  gradient.  The  latter  may  be 
interpreted  in  terms  of  a  separation  of  charges.  How¬ 
ever,  the  magnitude  of  this  separation  is  very  small,  and 
therefore,  it  does  not  influence  the  concentration  profi¬ 
les  significantly.  For  example,  the  typical  excess  of  the 
charge,  measured  as  Lc,zf  can  be  estimated  as  lower 
than  0.1%  of  the  substrate  concentration. 


2.2.  Resistance  and  the  potential  gradient 


The  value  of  the  electrostatic  potential,  <f> ,  is  macro- 
scopically  observed  as  an  ohmic  drop  associated  with 
the  current  flow  through  the  solution.  The  magnitude 
of  the  ohmic  drop  can  be  calculated  as  the  product  of 
current  (/)  and  resistance  (R).  The  first  successful  at¬ 
tempts  to  estimate  dtp  /dr  for  the  modeling  of  voltam- 
mograms  were  shown  by  Amatore  et  al.  [15,16]  and 
Oldham  [17].  Amatore  et  al.  [15]  transformed  the 
Nernst-Planck  equation  to  show  the  properties  of  the 
electric  potential  gradient.  Both  Amatore  et  al.  and 
Oldham  have  noted  that  under  steady  state  conditions 
and  for  equal  diffusion  coefficients  it  is  possible  to 
eliminate  the  electric  potential  gradient  by  summing  the 
fluxes  for  individual  ions  (Eqs.  (1)  and  (la))  and  using 
the  electroneutrality  principle.  The  resistance  of  the  cell 
without  excess  supporting  electrolyte  changes  while  the 
electrode  process  advances,  therefore  the  static  resis¬ 
tance,  which  can  be  expressed  as: 


-^static 


RT 


2nF2r0  X  c°z2Dt 


cannot  be  used  for  estimation  of  the  ohmic  drop.  Eq. 
(4a)  presents  how,  for  example,  the  cell  steady  state 
resistance,  Rss,  changes  with  current,  I,  for  the  oxida¬ 
tion  of  an  uncharged  substrate,  S,  under  the  conditions 
of  deficiency  of  supporting  electrolyte  [17]. 


n  RT ,  I 

*SS  _  ~Jp 


1  + 


Dsctj 

2DfcbcIx_ 


(4a) 


where  7j  is  a  limiting  current,  P  is  product  of  the 
electrode  reaction  and  C  is  a  counterion.  The  ohmic 
drop  during  electrolysis  with  an  excess  supporting  elec¬ 
trolyte  is  a  function  only  of  the  flowing  current. 

Before  steady-state  is  reached,  for  a  low  concentra¬ 
tion  of  electrolyte,  both  current  and  resistance  change 
with  time.  The  resistance  depends  on  ion  distribution  in 
the  cell,  which  changes  with  time.  This  can  be  effec¬ 
tively  examined  using  digital  simulation.  To  simulate 
the  ohmic  drop  at  any  point  in  the  solution,  it  is 
necessary  to  know  the  local  resistance  of  a  region 
located  between  two  appropriate  closest  hemispheres 
[23-25],  The  resistivity  of  such  a  region  is  assumed  to 
be  constant  during  a  time  interval,  St,  and  the  resis¬ 
tance  can  be  written  as: 


=  Pj 

_ RT 

2nF2YJz2iDici{r]) 

i 

for  j=  1, ...,«  +  1  (5) 

and 

Rj  = - — - (-  -  — )  for  j  =  0  (6) 

2  nF2Zz}DiCi(r0)Vo  W 

i 

where  r,  <  rj  <  rmax,  r0<rmid<r1.  The  revalue  corre¬ 
sponds  to  y  =  0,  and  rmax  to  j  =  n  +  l.  The  parameter 
rmid  is  chosen  arbitrarily  as  r0  +  Sr  1 2. 

The  potential  drop  at  any  point  of  the  considered 
space  can  be  obtained  by  multiplying  the  value  of  the 
flowing  current  (which  equals  the  current  passing 
through  the  electrode  surface)  by  the  resistance  mea¬ 
sured  from  the  infinity  to  the  point  of  consideration. 
This  resistance  can  be  calculated  by  means  of  the 
formula 


fry 

Rj=  Pj 
Jrj-X 


dr 
2  nr2 


f  KU  =  R0 
{  R?'  =  Ryu  +  Rj 

where 


j  —  n,...,0 


(7) 


R°  = 


dr 


RT 


2nr  2nF2r max  X  c°z/ A 


is  the  resistance  of  the  bulk  solution,  and  Rj  is  given  by 
Eqs.  (5)  and  (6).  The  usual  assumption  that  the  distance 


(4) 
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between  electrodes  is  infinite  determines  the  upper  limit 
of  the  above  integration  (r->  oc).  Practically,  this  as¬ 
sumption  is  valid  (with  an  error  of  ca.  0.6%)  when  the 
second  electrode  is  placed  within  a  distance  ten  times 
larger  than  the  depletion  layer  thickness,  rmax.  The 
formula  for  the  cell  resistance  in  the  form  of  Eq.  (7) 
makes  this  variable  independent  of  the  chosen  size  of  the 
simulation  space,  rmax. 


3.  Experimental 

To  obtain  reliable  and  reproducible  voltammetric 
data  in  solutions  of  low  conductivity,  certain  require¬ 
ments  must  be  met.  The  concentration  of  electroinactive 
ions  in  the  solution  should  be  well  controlled,  since  both 
the  wave  height  of  an  ionic  reactant  and  the  transient 
currents  of  uncharged  reactants  depend  on  this  concen¬ 
tration.  Maintaining  the  concentration  of  ions  constant 
is  especially  difficult  when  the  support  ratio  is  very 
small.  Usually  the  reference  electrode  is  the  main  source 
of  unwanted  ions.  To  eliminate  a  possible  leakage  from 
the  reference  electrode  several  approaches  can  be  ap¬ 
plied.  One  possibility  is  to  use  an  electrolytic  bridge  filled 
with  deionized  water  or  appropriate  solvent;  this 
method  requires  a  high-input-impedance  potentiostat. 
The  second  way  is  to  use  a  quasi-reference  electrode 
such  as  a  Pt  electrode;  the  drawback  here  is  a  20-30  mV 
uncertainty  in  the  potential  measurement.  However, 
wave  heights  are  well  reproducible  [31].  Another  way  is 
to  use  an  internal  reference,  e.g.  ferrocene  or  a  similar 
compound  [19].  Traces  of  polishing  materials  such  as 
aluminum  oxide  remaining  at  the  microelectrode  surface 
may  lead  to  an  increased  level  of  ions  in  some  media; 
therefore,  it  is  advisable  to  use  diamond  water-based 
suspensions. 

Experimentally  obtained  half-wave  potentials  in  solu¬ 
tions  without  electrolyte  usually  depart  from  the  real 
electrode  potentials  by  the  quantity  IR.  In  practice,  the 
magnitude  of  IR  depends  not  only  on  the  support  ratio, 
but  also  on  the  type  of  the  solvent  (by  means  of  its 
dielectric  constant  [32])  and  on  the  reactant. 

Potentiostats  used  for  voltammetric  experiments  in 
solutions  of  low  ionic  strength  should  be  characterized 
by  a  very  high  input  impedance  without  compromising 
on  the  speed.  Unfortunately,  most  of  the  inexpensive 
instruments  available  on  the  market  do  not  handle 
measurements  well  in  very  resistive  media,  especially 
when  the  electrolytic  bridge  is  filled  with  deionized  water 
or  a  pure  solvent. 


4.  Steady-state  voltammetry 

A  very  useful  feature  of  voltammetry  at  microelec¬ 
trodes  under  steady-state  conditions  and  with  excess 


supporting  electrolyte  is  a  very  simple  expression  de¬ 
scribing  the  steady-state  current:  Iss  =  knFDcr0,  where  r0 
is  the  electrode  radius,  D  is  the  diffusion  coefficient,  c  is 
the  concentration  of  the  electroactive  species,  and  k  is  a 
parameter  which  equals  4  for  disk  electrodes  and  2n  for 
hemispherical  electrodes.  Voltammetric  curves  for  elec¬ 
troactive  ions  in  solutions  without  supporting  electrolyte 
are  affected  by  a  substantial  contribution  of  migration, 
and  therefore,  the  parameter  k  may  change  significantly. 
However,  the  steady-state  currents  of  uncharged  species 
are  unaffected  by  migration.  Since  the  migrational  con¬ 
tribution  to  the  current  depends  on  such  factors  as  the 
number  of  electrons  transferred,  the  charge  of  the  reac¬ 
tant  and  the  support  ratio,  the  number  of  possible 
situations,  or  in  other  words,  the  number  of  A: -values  is 
almost  unlimited.  An  overview  of  theoretical  problems 
related  to  the  modeling  of  voltammograms  without 
supporting  electrolyte  has  been  presented  in  the  previous 
section  of  this  paper;  here  we  would  like  to  focus  on  the 
results  of  theoretical  and  experimental  investigations. 
From  an  instrumental  point  of  view,  as  was  discussed  in 
Section  3,  the  most  demanding  are  the  cases  of  un¬ 
charged  reactants.  The  first  experimental  papers  on 
voltammetry  of  uncharged  species  without  added  sup¬ 
porting  electrolyte  were  published  in  1984  [33,34],  and 
analytical  aspects  of  such  voltammetry  were  presented  in 
Ref.  [35], 

The  theory  for  simple  electrode  processes  for  elec¬ 
troactive  ions  under  steady-state  conditions  seems  to  be 
well  developed.  Both  theoretical  treatments  and  experi¬ 
mental  data  for  the  ratio  of  the  limiting  to  the  diffu- 
sional  current  without  and  with  any  concentration  of 
supporting  electrolyte  for  different  types  of  reactions 
and  various  charges  of  counterions  are  available  in  the 
literature.  Special  credit  here  should  be  given  to  Ama- 
tore  et  al.  [16]  who  published  the  first  paper  on  this 
subject  and  presented  universal  expressions  for  currents 
flowing  at  microelectrodes.  Four  final  equations  pro¬ 
vided  by  Amatore  et  al.  covered  all  the  cases  of  charge 
increase,  decrease  and  charge  reversal.  Oldham’s  theo¬ 
retical  paper  on  the  subject  appeared  in  the  same  year 
(1988),  however,  it  was  limited  to  only  two  cases  [17]. 

Based  on  these  theoretical  predictions,  if  a  +  1  cation 
from  the  salt  with  a  —  1  anion  (counterion)  is  reduced  in 
solution  without  and  with  excess  of  univalent  supporting 
electrolyte,  the  corresponding  ratio  of  the  voltammetric 
wave  heights  is  2.  The  presence  of  a  —  2  counterion 
diminishes  the  wave  height  without  supporting  elec¬ 
trolyte  by  25%,  and  the  corresponding  wave  height  ratio 
drops  to  1.5.  The  most  complete  tables  of  the  ratio  of  the 
wave  heights  and  shifts  in  the  half-wave  potentials  are 
given  in  Ref.  [18].  The  above  theoretical  relations  change 
if  diffusion  coefficients  of  the  reactant  and  product  differ 
significantly  [27].  For  example,  for  the  case  of  the  charge 
decrease  the  theory  predicts  a  moderate  (within  several 
percent)  increase  of  the  current  when  the  support  ratio 
decreases.  However,  when  the  diffusion  coefficient  of  the 
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product  is  very  high,  the  increase  of  the  current  is  much 
larger  than  that  predicted  for  equal  or  comparable 
diffusion  coefficients,  see  Fig.  1.  This  phenomenon  is 
caused  by  the  fact  that  the  fast  diffusional  removal  of  the 
product  is  compensated  (partially)  by  the  higher  trans¬ 
port  rate  of  the  reactant.  When  the  diffusion  coefficient 
of  the  product  is  lower  than  that  of  the  reactant,  the 
product  is  accumulated  near  the  electrode  surface,  im¬ 
peding  the  transport  of  the  reactant.  When  the  diffusion 
coefficient  ratio  becomes  very  small,  the  product  accumu¬ 
lation  can  suppress  the  limiting  current  almost  entirely. 

A  general  analytical  expression,  developed  using  Old¬ 
ham’s  model  [18],  for  a  charge  neutralization  reaction, 
describing  the  ratio  of  the  total  limiting  current,  /,,  to  the 
diffusion-limited  current,  /d,  for  the  reduction  of  Mm  + 
to  form  P,  in  a  solution  of  salts  M-Y„,  and  CaAk  (used 
as  supporting  electrolyte),  which  includes  the  ions  Yz  ~ , 


Fig.  1.  Dependence  of  the  limiting  current  (1A)  and  the  half-wave 
potential,  in  mV,  (IB),  of  steady-state  l-E  curve  on  the  logarithm  of 
the  ratio  of  supporting  electrolyte/reactant  concentration,  log  SR,  and 
on  the  ratio  of  diffusion  coefficients  of  the  product  and  the  reactant 
for  the  case  of  charge  decrease.  Diffusion  coefficients  of  supporting 
electrolyte  ions  are  assumed  to  be  equal  to  the  diffusion  coefficient  of 
the  reacting  ion.  (Reprinted  with  permission  from  Ref.  [23].  Copy¬ 
right  1995  Elsevier  Science.) 


Ck  +  and  A°-,  is  [36]: 

-  7,//d  =  [(z  +  m)/z](x:  -  1)  -  [(&  -  m)/m]y(x-k-  1) 

+  [(a  +  m)jam]ky{xa  -  1)  (8) 

where  x  is  given  as  the  solution  to: 

Y(r  +  D  _  kyX “  k^jm  4-  kyx(a  +  l)/m  =  0  (9) 

and  y  is  the  ratio  of  bulk  concentrations  of  the  cation  of 
supporting  electrolyte,  C*  +  ,  and  the  electroactive  ion, 
NT”  +  . 

For  a  sign  reversal  reaction  (substrate  positive  and 
product  negative,  and  vice  versa)  such  an  expression  does 
not  exist,  since  the  wave  plateau  does  not  develop  [16,18] 
(in  other  words  the  ratio  /i//d->oo),  and  for  a  sign 
retention  reaction  (both  substrate  and  product  positive 
or  negative)  the  expression  for  the  ratio  of  the  wave 
heights  without  and  with  supporting  electrolyte  has  the 
form  [18]: 

A  —  zc  ~  zr 
/d 

where  zc,  zR  and  zP  are  the  charges  of  the  counterion, 
reactant  and  product,  respectively. 

The  theoretical  predictions  were  examined  experimen¬ 
tally  using  several  metal  complexes  by  Cooper  et  al.  [20]. 
These  compounds  gave  an  opportunity  of  studying 
various  charged  substrates,  and  a  wide  range  of  electrode 
reactions  including  various  numbers  of  transferred  elec¬ 
trons.  Reduction  of  anions  and  both  oxidation  and 
reduction  of  cations  were  investigated.  In  most  cases,  the 
agreement  with  theoretical  predictions  was  remarkably 
good.  In  several  cases,  however,  the  waves  which  were 
well  defined  with  excess  supporting  electrolyte,  almost 
disappeared  in  its  absence.  The  authors  had  no  credible 
explanation  for  this  phenomenon.  The  voltammetric 
waves  presented  generally  satisfied  the  Tomes  criterion 
of  reversibility,  confirming  that  the  IR  drop  was  small. 

The  voltammetric  reduction  of  three  metal  cations: 
thallium,  cadmium  and  lead,  in  solutions  of  various  salts 
(TINO3,  T12S04,  Cd(N03)2,  Pb(N03)2  and  CdS04),  con¬ 
taining  either  no  supporting  electrolyte  or  its  various 
concentrations  (LiC104  and  Ca(N03)2)  has  been  investi¬ 
gated  by  Ciszkowska  and  Osteryoung  [36]  using  mercury 
film  microelectrodes.  The  influence  of  migration  was 
studied  over  a  wide  range  of  concentrations  of  electroac¬ 
tive  species  and  supporting  electrolyte.  As  predicted 
originally  [16,20]  and  presented  in  references  [36],  /,//d 
values  of  2  and  1.5  were  obtained  in  solutions  without 
and  with  excess  supporting  electrolyte  for  the  reduction 
of  T1 +  cation  in  the  solutions  with  mono-  and  divalent 
anions,  respectively.  For  the  two-electron  reduction  of 
divalent  cations  (Cd2  +  and  Pb2  + )  these  ratios  were  3  and 
2  in  the  presence  of  mono-  and  divalent  anion, 
respectively.  The  agreement  between  the  experimental 
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Fig.  2.  Dependence  of  normalized  wave  heights,  /,//d,  on  the  concen¬ 
tration  of  supporting  electrolyte,  LiC104.  y  =  eSE/cMc+*,  for  1  mM 
TINOj  (O),  1  mM  T12S04  (A),  1  mM  Cd  (N03)2  (•),  and  1  mM 
CdS04  (A).  Solid  lines  -  theoretical  plots  based  on  Eqs.  (8)  and  (9) 
for  TINOj  (1),  T12S04  (2),  Cd(N03)2  (3),  and  CdS04  (4). 

and  theoretical  data  was  very  good,  as  shown  in  Fig.  2. 
Also,  the  simultaneous  reduction  of  two  electroactive 
cations  in  solutions  without  supporting  electrolyte  was 
studied.  The  ‘exaltation’  of  the  current  was  observed 
and  the  results  were  discussed  in  terms  of  theory  of 
transport  in  solutions  without  supporting  electrolyte. 
The  ‘exaltation’  of  the  currents  for  the  simultaneous 
reduction  of  a  cation  and  a  neutral  molecule  (e.g.  Na  + 
and  02)  was  discovered  in  polarography  independently 
by  Kemula  and  Kolthoff  [2],  Recently,  this  phe¬ 
nomenon  has  been  modelled  theoretically  by  Kharkats 
et  al.  [37], 

The  dependence  of  the  current  on  the  concentration 
of  electrolyte  for  the  reduction  of  metal  cations  has 
been  reported  also  by  Daniele  et  al.  [38].  The  authors 
have  used  solid  (platinum  and  gold)  and  mercury  mi- 
croelectrodes  to  study  the  influence  of  a  univalent  sup¬ 
porting  electrolyte  on  the  voltammograms  for  such 
metal  cations  as  Cd2  +  and  Pb2  +  in  solutions  with 
monocharged  anions.  A  decrease  in  the  concentration 
of  supporting  electrolyte  resulted  in  an  increase  of  the 
steady-state  limiting  current,  poorly  defined  reduction 
waves,  and  broad  and  asymmetric  stripping  peaks.  The 
ratio  IJId  without  supporting  electrolyte  was  3  for 
Pb2+  and  Cd2  +  ,  and  agrees  well  with  the  theoretical 
predictions  and  other  experimental  findings. 


5.  Migration  coupled  with  homogeneous  equilibrium 

5.1.  Reduction  of  strong  and  weak  acids 

The  results  of  systematic  experimental  studies  on  the 
influence  of  supporting  electrolyte  on  the  steady-state 
reduction  of  hydrogen  ion  in  solutions  of  strong  and 
weak  acids  have  been  reported  in  a  series  of  papers 


[39-43].  For  monoprotic  strong  acids  in  the  absence  of 
supporting  electrolyte  the  reduction  wave  of  hydrogen 
ion  is  twice  the  height  of  the  wave  in  excess  electrolyte 
solution  [39,40],  Additionally,  even  in  solutions  of  ex¬ 
tremely  low  ionic  strength  (concentration  of  adventi¬ 
tious  ions  not  higher  than  1  x  10” 6  M)  the 
voltammetric  wave  is  proportional  to  the  concentration 
of  acid.  The  dependence  of  the  limiting  current  on  the 
concentration  of  supporting  electrolyte  has  been  exam¬ 
ined  for  many  univalent  supporting  electrolytes.  The 
experimental  results  have  been  found  to  agree  very  well 
with  the  existing  theories.  In  solutions  of  polyprotic 
acids  the  influence  of  migration  of  H  +  on  the  steady- 
state  wave  has  been  found  to  depend  on  the  charge  of 
the  acid  anion  [42,43],  Consequently,  for  strong  acids 
the  ratio  of  the  current  without  and  with  excess  elec¬ 
trolyte  has  been  found  to  be  (1  +  1/n),  where  n  is  the 
number  of  hydrogens  in  the  strong  acid  molecule.  Ra¬ 
tios  very  close  to  1.5  and  1.25  have  been  observed 
experimentally  for  such  strong  polyprotic  acids  as 
H2S04  and  H4W,2SiO40,  respectively  [42,43].  The  same 
ratios  have  been  obtained  for  polyprotic  strong  acids  by 
Perdicakis  et  al.  [44], 

An  interesting  effect  has  been  observed  for  the  reduc¬ 
tion  of  mono-  and  polyprotic  weak  acids  in  solutions 
without  and  with  little  supporting  electrolyte  [41,42], 
Weak  acids  are  only  slightly  dissociated,  so  their  reduc¬ 
tion  currents  should  not  be  influenced  by  migration.  It 
has  been  found,  however,  that  the  reduction  wave  of 
these  acids  depend  strongly  on  the  concentration  of 
electrolyte,  and  the  ratio  of  the  limiting  current  without 
electrolyte  to  diffusional  current  is  two,  which  was  the 
ratio  found  previously  for  strong  monoprotic  acids. 
Additionally,  it  has  been  found  that  in  solutions  of  low 
ionic  strength  the  height  of  steady-state  waves  for  re¬ 
duction  of  weak  monoprotic  acids  is  proportional  to 
the  concentration  of  the  acid  over  a  wide  range  of 
concentrations;  this  can  be  used  for  analytical  purposes. 
The  height  of  the  voltammetric  wave  diminishes  with 
an  increase  of  the  concentration  of  supporting  elec¬ 
trolyte,  and  the  current  drops  much  faster  with  addition 
of  electrolyte  than  for  strong  acids. 

Reduction  of  polyprotic  weak  acids  in  solutions  with¬ 
out  supporting  electrolyte  has  been  studied  for  two 
weak  diprotic  acids,  oxalic  and  malonic,  one  triprotic 
acid,  phosphoric  acid,  and  one  tetraprotic  acid,  py- 
rophosphoric  acid  [42].  It  has  been  demonstrated  that 
dissociated  hydrogen  ion  and  undissociated  HA"-  an¬ 
ion  can  be  reduced  at  Pt  electrodes  at  the  same  poten¬ 
tial  (one  steady-state  wave)  which  is  the  case  for  oxalic 
and  malonic  acids,  or  in  two  voltammetric  waves:  phos¬ 
phoric  and  pyrophosphoric  acids.  Strong  dependences 
of  7|//d  on  the  concentration  and  the  kind  of  supporting 
electrolyte  has  been  observed  for  all  weak  acids  studied. 
The  dependences  found  for  oxalic  and  malonic  acids 
are  presented  in  Fig.  3.  Theoretical  interpretation  of 
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this  effect  for  weak  acids  is  not  trivial,  and  there  is  no 
comprehensive  theory,  although  several  models  have 
been  proposed  [45-50].  The  main  differences  between 
the  theoretical  treatments  appear  in  the  region  of  very 
low  support  ratios,  which  cannot  be  easily  examined 
experimentally. 

5.2.  Complexation  equilibrium 

Voltammetric  investigations  of  complexation  equi¬ 
libria  in  solutions  with  very  low  concentrations  of 
supporting  electrolytes  eliminate  the  competitive  com¬ 
plexation  or  contamination,  make  the  activities  of  the 
species  closer  to  their  concentrations  (which  facilitates 
comparisons  with  the  spectroscopic  results),  and  finally, 
allow  a  broader  range  of  concentrations  of  the  species. 
Palys  et  al.  [51]  constructed  theoretical  voltammograms 
for  ligands,  metals  and  the  complexes  by  employing 
either  the  extended  theory  of  Myland  and  Oldham  [22] 
or  digital  simulation.  A  wide  range  of  complexes  was 
examined,  with  the  assumption  that  they  are  inert  on 
the  experimental  time  scale,  which  is  often  the  case  in 
host-guest  chemistry  and  in  macromolecular  complexa¬ 
tion.  The  calculated  results  show  that  the  magnitude  of 
the  changes  in  the  steady-state  limiting  current  depends 
on  the  type  of  complexation  equilibrium,  the  type  of 
the  change  in  the  reactant  charge  number,  and  the 
complex  formation  constant,  /?.  For  the  cases  where 
migration  contributes  significantly  to  the  transport,  the 
relations  between  the  measured  steady-state  limiting 
currents  and  /?  are  given  in  the  form  of  fitted  equations. 
Those  equations,  in  turn,  can  be  employed  for  the 
determination  of  /?  from  experimental  results. 

Experimental  studies  have  been  performed  without 
added  supporting  electrolyte  with  an  inert  system  con- 


Fig.  3.  Dependences  of  IJId  for  1  mM  oxalic  (O,  A)  and  malonic 
(□,  0)  acids  on  the  concentration  of  supporting  electrolyte:  LiC104 
(O,  □),  MgCl2  (A),Ca(N03)2  (0)-  V  =  Cse!cha-  Solid  lines  calcu¬ 
lated  according  to  Eqs.  (8)  and  (9)  for  MY  reactant  and  CA  or  CA2 
supporting  electrolyte.  (Reprinted  with  permission  from  Ref.  [42]. 
Copyright  1995  Elsevier  Science). 


Fig.  4.  Chronoamperometric  curves  in  solutions  saturated  with  oxy¬ 
gen;  (a)  pure  water;  (b)  0.1  M  KC1  and  50  Mft  connected  in  series  to 
the  working  electrode;  (c)  theory  for  excess  supporting  electrolyte.  Pt 
microdisk,  r  =  11  pm.  (Reprinted  with  permission  from  Ref.  [55]. 
Copyright  1995  Elsevier  Science.) 

sisting  of  europium  (III)  nitrate  and  1,4,8,11-tetraazacy- 
clotetradecane  (cyclam)  in  a  mixture  of  methanol  and 
dimethylsulfoxide  [52].  The  complex  stoichiometry  (1:1) 
and  the  complex  formation  constant  (log  /?  =  3.2)  have 
been  determined  in  solution  without  electrolyte  by  non¬ 
linear  curve-fitting  of  the  steady-state  currents  mea¬ 
sured  at  a  gold  microelectrode  for  various 
concentrations  of  the  ligand.  Good  agreement  of  those 
two  values  with  the  numbers  obtained  for  excess  sup¬ 
porting  electrolyte  supports  the  theoretical  model  pre¬ 
sented  in  Ref.  [51]  and  indicates  that  there  are  no 
additional  interactions  with  the  supporting  electrolyte 
anion. 

Daniele  et  al.  [53]  have  demonstrated  that  the  height 
of  reduction  waves  of  metal  ions  in  solutions  of  low 
support  ratio  cannot  be  always  predicted  only  from  the 
charge  of  the  free  ion.  Labile  complexes  may  be  formed 
with  counterions  accompanying  the  metal  cation  and 
with  anions  of  added  supporting  electrolyte.  Conse¬ 
quently,  the  influence  of  migration  can  be  negligible,  as 
presented  for  HgCl2. 


6.  Non  steady-state  and  forced  convection 

The  traditional  mode  of  voltammetric  experiments 
with  microelectrodes  is  steady-state  voltammetry.  How¬ 
ever,  the  way  the  steady-state  current  is  reached  follow¬ 
ing  an  applied  potential  step,  for  example  in 
chronoamperometry,  is  interesting  and  carries  valuable 
information  about  the  system  studied.  Transient  ionic 
diffusion  and  migration  to  a  disk  electrode  was  mod¬ 
elled  by  Verbrugge  and  Baker  [54].  However,  particu¬ 
larly  interesting  is  the  reduction  or  oxidation  of  an 
uncharged  substrate  under  the  conditions  of  a  low 
support  ratio  [23-26,55].  After  applying  an  appropriate 
potential  to  the  electrode,  the  current  increases  slowly, 
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and  finally  reaches  the  steady-state  value,  see  Fig.  4. 
This  increase  is  a  result  of  the  following  phenomena: 
the  counterions  are  accumulated  at  the  electrode  sur¬ 
face  to  neutralize  the  charge  of  the  product  formed,  the 
resistance  between  the  electrodes  diminishes,  and  the 
electrode  potential  approaches  the  real  value,  which 
was  set  at  the  potentiostat.  If  there  were  no  accumula¬ 
tion  of  ions  and  no  corresponding  changes  in  the 
resistance,  the  chronoamperogram  would  look  like  that 
obtained  in  0.1  M  KC1  and  with  a  50  Mfl  resistor 
connected  in  series  to  the  working  electrode,  curve  b. 
Curve  c  in  Fig.  4  corresponds  to  the  case  of  excess 
supporting  electrolyte  or,  in  other  words,  to  purely 
diffusional  transport. 

The  dependence  of  the  current  on  time,  /=  /(/),  can 
be  used  to  determine  the  electron  transfer  rate  [24], 
various  reaction  stoichiometries  in  a  variety  of  types  of 
supporting  electrolytes  [26],  and  the  total  concentration 
of  ions  in  the  solution  [25]. 

Gao  and  White  [56]  have  investigated  the  influence  of 
concentration  of  supporting-electrolyte  on  the  steady- 
state  voltammetric  behavior  of  a  rotating  Pt  disk  mi¬ 
croelectrode  for  several  electrochemical  reactions  in 
acetonitrile.  They  demonstrated  that  the  voltammetric 
response  depends  on  the  support  ratio,  cSEjcTCd ,  and  on 
the  charge  of  the  reactant,  zred.  For  the  oxidation  or 
reduction  of  mono-  and  multicharged  cations,  voltam¬ 
metric  limiting  currents  increased  linearly  with  the 
square  root  of  an  angular  velocity,  co 1/2,  independently 
of  the  support  ratio.  For  oxidation  or  reduction  of 
neutral  reactants,  voltammetric  currents  were  found  to 
depend  on  both  concentration  of  supporting  electrolyte 
and  an  angular  velocity.  For  cSE/cred>0.1  limited  cur¬ 
rents  increased  linearly  with  co l/2,  while  for  cSE/cred  < 
0.1  those  currents  decreased  with  an  increase  in  co.  This 
behavior  was  interpreted  by  the  authors  in  terms  of  the 
rate  of  migration  of  charge-balancing  electrolyte  ions  to 
the  electrode  surface  relative  to  the  rate  of  removal  of 
the  same  ions  by  forced  convection. 

Phenomena  similar  to  those  reported  for  rotating 
disks  have  been  observed  in  a  flow  injection  system 
combined  with  a  low  support  ratio  [57].  Increased 
convection  at  the  electrode  surface  prevents  sufficient 
accumulation  of  the  counterions,  and  results  in  the 
decrease  of  the  amperometric  peaks  with  an  increase  in 
flow  rate,  which  is  opposite  to  the  behavior  seen  in  the 
presence  of  excess  supporting  electrolyte. 

It  has  been  found  [58]  that  staircase  voltammetric 
(SCV)  peaks  at  regular  electrodes  for  the  reduction  of 
metal  cations  without  supporting  electrolyte  are  less 
sensitive  to  the  current-sampling  parameter,  a,  com¬ 
pared  to  those  for  purely  diffusional  transport.  This  is 
related  to  the  increase  of  the  uncompensated  resistance 
with  time.  To  obtain  the  SCV  peaks  of  height  identical 
to  those  of  the  linear  scan  peaks,  a  should  be  set  to  50% 
or  the  current  should  be  measured  at  one  half  of  the 


pulse  time.  It  has  also  been  demonstrated  that  for  an 
intermediate  level  of  supporting  electrolyte,  the  stair¬ 
case  waveform  generates  convectional  transport  to  the 
surface  of  a  hanging  mercury  drop  electrode. 

7.  Voltammetry  of  undiluted  liquid  organic  substances 

The  use  of  microelectrodes  allows  voltammetry  of 
undiluted  liquid  substances  such  as  pure  solvents.  This 
area  of  research  has  been  introduced  and  developed 
mainly  by  White  and  coworkers  [59-66].  It  is  interest¬ 
ing  that  despite  a  large  concentration  of  undiluted 
reactant,  ohmic  potential  drop  in  voltammetric  experi¬ 
ments  remains  reasonably  small.  Voltammograms  have 
been  obtained  for  oxidation  or  reduction  processes  of 
several  organic  compounds,  including  nitrobenzene 
[59,60],  4-cyanopyridine  [61],  aniline  and  pyrrole  [67], 
acetonitrile  [68],  simple  alcohols  [69],  dimethylsulfoxide 
[70],  and  DMF  [71].  Various  interesting  physicochemi¬ 
cal  aspects  related  to  the  voltammetry  of  undiluted 
liquids  [62-64]  have  been  reported  and  will  be  dis¬ 
cussed  in  this  paper.  New  analytical  opportunities 
[69,70]  have  been  found  for  the  total  electrolysis  at  the 
microelectrode  surface,  and  for  the  voltammetric  esti¬ 
mation  of  water  levels  in  undiluted  liquids.  Interest¬ 
ingly,  since  the  concentration  of  the  reactant  is  so  high, 
the  influence  of  water  and  other  impurities  is  practically 
eliminated.  In  the  presence  of  either  CC14  or  toluene, 
electroinactive  species,  a  pre-wave  appears  for  undi¬ 
luted  methanol,  which  might  indicate  that  the  methanol 
cation  radicals  interact  strongly  with  those  compounds 
[72]. 

It  is  impossible  to  perform  voltammetry  of  undiluted 
substances  without  supporting  electrolyte.  A  very  low 
level  of  electrolyte,  which  results  in  a  support  ratio  not 
higher  than  0.001,  helps  to  lower  the  ohmic  potential 
drop  and  permits  well  defined  voltammetric  waves  to  be 
obtained. 

The  most  specific  feature  of  voltammetry  of  undi¬ 
luted  substances  is  the  formation  of  a  microlayer  of  an 
ionic  liquid  at  the  electrode  surface.  This  microlayer  is 
formed,  because  at  the  wave  plateau  the  concentration 
of  the  substrate  drops  to  zero,  and  the  charged  product 
is  neutralized  by  the  available  counterion.  At  the  elec¬ 
trode  surface,  the  molar  fraction  of  the  substrate  at  the 
foot  of  the  wave  is  1;  however,  at  the  wave  plateau  whi¬ 
le  the  molar  fraction  of  the  substrate  is  0,  the  molar  fra¬ 
ction  of  both  the  product  and  counterion  is  0.5.  This  le¬ 
ads  to  a  specific  type  of  convection  called  diffusion-en¬ 
gendered  convection  [61].  The  formation  of  a  very  thin 
layer  of  ionic  liquid  leads  also  to  strong  changes  in  the 
viscosity  of  media  and  in  activities  and  diffusion  coeffi¬ 
cients  of  all  species  near  the  electrode  surface.  Chemical 
changes,  e.g.  precipitation,  are  also  possible.  The  ionic 
liquid  layer  formed  by  the  electrooxidation  of  simple 
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alcohols  with  LiC104,  and  by  the  electroreduction  of 
nitrobenzene,  are  apparently  very  stable,  which  results 
in  stable  steady-state  current. 

The  investigation  of  the  structure  and  properties  of 
the  depletion  layer  in  such  systems  has  been  performed 
by  White  and  co-workers  [63,64].  The  authors  coupled 
electrochemical  experiments  with  other  techniques,  such 
as  interferometry  [63]  and  elevated  pressure  [64].  It  has 
been  shown  [63]  that  the  changes  in  the  optical  distance 
can  be  used  to  determine  the  structure  of  the  depletion 
layer;  the  effect  of  pressure  on  molecular  transport 
rates  has  been  demonstrated  and  it  has  been  shown  that 
the  interfacial  regions  of  the  systems  examined  are 
compressible  [64]. 

The  first  mathematical  models  describing  the  wave 
height  of  undiluted  or  very  concentrated  liquid  sub¬ 
stances  were  published  by  White  and  co workers  [61,65]. 
The  wave  height  of  undiluted  substances  at  disk  mi¬ 
croelectrodes  and  in  the  appropriate  time  regime  can  be 
described  similarly  to  the  steady-state  current  for  di¬ 
luted  reagents:  =  knFDcr0.  However,  two  problems 
should  be  mentioned.  The  first  is  the  interpretation  and 
estimation  of  the  diffusion  coefficient  of  the  undiluted 
reagent.  This  diffusion  coefficient  diminishes  signifi¬ 
cantly  in  the  ionic  microlayer  at  the  electrode  surface. 
The  second  one  is  related  to  the  parameter  k,  which 
cannot  be  identical  to  that  for  diluted  substrates.  This  is 
due  to  the  diffusion  engendered  convection  mentioned 
previously  and  changes  in  the  viscosity  at  the  electrode 
surface.  A  possible  approach  is  to  substitute  the  D 
value  in  the  equation  for  Iss  with  the  bulk  self-diffusion 
coefficient  of  the  undiluted  redox  liquid.  A  rigorous 
digital  model,  based  on  this  assumption  and  on  the 
additional  assumption  of  no  specific  interactions  be¬ 
tween  the  ions,  has  shown  that  the  parameter  k  is  a 
function  of  the  ratio  of  volumes  of  the  reagent  and  the 
counterion  [73],  and  its  value  can  be  in  the  range  from 
1  to  4.  For  example,  for  anodic  voltammetry  of  undi¬ 
luted  methanol  with  lithium  perchlorate,  the  substrate 
and  the  counterion  are  of  approximately  equal  volume, 
and  therefore,  the  A>value  is  close  to  2  and,  as  a 
consequence,  the  number  of  electrons  transferred  is  1. 
The  influence  of  the  size  of  counterions,  added  as 
tetraalkylammonium  salts,  TEAP,  TPABF4,  TBAP, 
and  THAP,  on  the  wave  height  of  undiluted  nitroben¬ 
zene  is  illustrated  in  Fig.  5.  As  predicted,  the  larger  the 
cation  (here  the  counterion,  since  the  product  is  nega¬ 
tively  charged)  the  higher  is  the  limiting  current.  A 
different  approach  was  presented  by  Ragsdale  and 
White  [66],  who  employed  the  Cullinan-Vignes  equation 
to  predict  the  reduction  wave  height  of  nitrobenzene  in 
acetonitrile  over  the  entire  composition  range.  The 
deviations  of  experimental  data  from  the  theoretical 
predictions  for  xNB  <0.4  allowed  detection  of  self-asso- 
ciation  of  the  solution  components. 


8.  Studies  on  the  mechanism  of  the  electrode  processes 

The  influence  of  the  supporting  electrolyte  concentra¬ 
tion  on  the  kinetics  and  the  mechanism  of  the  electrode 
reactions  has  been  studied  for  several  systems.  A  very 
interesting  review  of  the  application  of  microelectrodes 
in  kinetic  studies,  including  some  in  solutions  without 
supporting  electrolyte  and  resistive  media,  has  been 
presented  by  Montenegro  [13].  Here  we  present  some 
results  on  the  influence  of  the  support  ratio  on  the 
kinetic  of  the  electrode  reactions.  Beriet  and  Pletcher 
[74,75]  investigated  the  dependence  of  the  kinetics  of 
such  redox  couples  as  Fe(CN)^~/Fe(CN)6~, 
Ru(NH3)36  +  /Ru(NH3)^,  and  IrC^'/IrCl on  the 
concentration  of  supporting  electrolyte.  They  found 
that  the  shift  in  the  formal  potential  with  electrolyte 
concentration  is  significant,  and  demonstrated  that  the 
more  highly  charged  the  species  the  stronger  the  inter¬ 
action  with  the  counterion  of  the  electrolyte.  Without 
supporting  electrolyte,  the  electron  transfer  reactions 
are  slower.  For  the  Ru(NH3)^ + /Ru(NH3)g +  and 
IrClg  ~ /IrClg  “  couples,  the  standard  rate  constants  de¬ 
crease  by  a  factor  of  2-5  (possibly  due  to  a  double¬ 
layer  effect).  These  changes  compared  to  the  change  for 
the  Fe(CN)6_/Fe(CN)6_  couple,  a  decrease  by  a  factor 
greater  than  100,  lead  to  the  conclusion  that  there  is  a 
chemical  decomposition  of  Fe(CN)6~  and  Fe(CN)^” 
in  solutions  without  excess  cations,  which  results  in  the 
formation  of  an  inhibiting  film  at  the  electrode  surface. 

Bento  et  al.  [76]  have  studied  the  influence  of  the 
ionic  strength  on  the  current-potential  response  for  the 
electrochemical  reduction  of  a  series  of  nitrobenzenes, 


Fig.  5.  Experimental  voltammograms  and  chronoamperograms  (inset) 
of  undiluted  nitrobenzene  containing  various  supporting  electrolytes: 
TEAP  (i),  TPABF4  (ii),  TBAP  (iii)  and  THAP  (iv);  electrolyte  con¬ 
centration  0.01  M.  Chronoamperograms  recorded  at  potentials  for 
the  voltammetric  wave  plateau.  (Reprinted  with  permission  from  Ref. 
[72].  Copyright  1998  American  Chemical  Society.) 
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nitrobenzene,  nitrotoluene,  bromonitrobenzenes,  in 
aprotic  solvents.  Reproducible  data  have  been  obtained 
at  microelectrodes  in  solutions  of  low  ionic  strength, 
including  media  without  added  supporting  electrolyte. 
The  results  imply  that  the  interactions  between  the  anion 
radicals  and  the  tetraalkylammonium  cations  are  always 
weak;  however,  the  cations  interact  strongly  with  more 
reduced  intermediates. 

Crayston  and  co-workers  [77]  have  found  that  one- 
electron  oxidation  of  arene-M(CO)3  (M  =  Cr,  Mo,  W) 
and  thiophene-M(CO)3  complexes  in  acetonitrile  pro¬ 
duces  17-electron  cations  (MeCN)6M(CO)6+_„,  which 
undergo  a  rapid  follow-up  reaction.  The  intermediate 
(MeCN)3Cr(CO)3+  can  be  detected  by  voltammetry; 
however,  reproducible  voltammograms  could  be  ob¬ 
tained  only  in  solutions  without  supporting  electrolyte. 
The  authors  found  that  the  addition  of  electrolyte 
diminished  the  electrode  response  rapidly  owing  to 
electrode  coating. 

A  numerical  analysis  of  the  sequential  electron-trans¬ 
fer  mechanism  (A  -►  A  +  +  e  ~ ,  A+~*A2++e“)  by 
Norton  et  al.  [78]  demonstrated  that  the  rate  at  which  A 
can  be  oxidized  to  A2+  depends  on  ionic  strength  of 
solutions.  For  low  concentrations  of  supporting  elec¬ 
trolyte  this  reaction  is  inhibited  by  the  diffusional-mi- 
grational  transport  of  generated  A+  (produced  within 
the  depletion  layer  by  the  homogeneous  bimolecular 
reaction)  away  from  the  electrode  surface.  This  has  been 
demonstrated  for  two  experimental  systems,  the  oxida¬ 
tion  of  tetrathiafulvalene  (TTF)  and  the  reduction  of 
tetracyanoquinodimethane  (TCNQ),  over  a  wide  range 
of  electrolyte  concentrations.  In  a  subsequent  effort, 
Norton  and  White  [79]  have  examined  two  step  reduction 
of  methyl  viologen  (MV2  +  ).  They  found  that  the  magni¬ 
tude  of  the  second  reduction  wave  increases  with  respect 
to  the  first  with  decrease  of  supporting  electrolyte  con¬ 
centration,  but  with  a  slower  rate  than  predicted  by 
consideration  of  migration  alone.  This  dependence  of  the 
current  versus  the  support  ratio  was  highly  specific  to  the 
rate  of  the  comproportionation  of  MV2  +  and  electrogen¬ 
erated  MV. 

The  theory  for  voltammetry  of  systems  with  the  EE 
mechanism  was  proposed  by  Amatore  et  al.  [80].  This 
theory  was  developed  and  tested  with  voltammetry  of 
dicyano(fluoren-9-ylidene)methane  and  methylviologen 
dication.  The  agreement  between  theory  and  experiment 
was  remarkably  good.  This  paper  was  followed  by  a  more 
general  treatment  of  successive  electron  transfers  in  low 
ionic  strength  solutions  [81].  This  theory  predicts  that 
bimolecular  electron  transfer  between  members  of  the 
redox  system  that  differ  by  +  2  in  oxidation  state  can 
influence  strongly  the  magnitude  of  transport  limited 
currents  when  ion  migration  contributes  to  molecular 
transport.  Theoretical  predictions  were  compared  with 
experimental  results  for  the  two-  and  three-electron 
reduction  of  Ru(bpy)3  +  in  mixed  acetonitrile  +  toluene 


solutions;  they  agree  very  well. 

Evidence  for  the  adsorption  of  the  cobaltocenium 
cation  and  precipitation  of  uncharged  cobaltocene  at  the 
platinum  microelectrode  |  acetonitrile  interface  without 
supporting  electrolyte  was  reported  by  Cooper  and  Bond 
[82].  The  anodic  response  at  mercury  microelectrodes  can 
provide  a  fast  and  reliable  diagnosis  of  adsorption  or 
precipitation  at  the  electrode  surface  in  very  diluted 
aqueous  solutions  without  supporting  electrolyte  [83],  as 
presented  for  the  following  compounds:  NaBr,  NaCl, 
Na2C204,  NaOH,  ethylenediaminetetraacetic  acid, 
NaSCN,  NaN03,  and  thiourea. 

Robertson  and  Pendley  have  studied  the  voltammetric 
behavior  of  quinone  in  dilute  solutions  of  sulfuric  acid 
with  no  added  supporting  electrolyte  at  platinum  disk 
microelectrodes  [84].  They  have  found  that  the  process 
depends  on  the  concentration  of  sulfuric  acid  relative  to 
that  of  quinone.  The  one  or  two  waves  for  the  reduction 
of  quinone  were  observed  for  higher  and  lower  concen¬ 
trations  of  acid,  respectively.  In  another  paper,  Frank 
and  Denuault  [85]  have  used  the  reduction  of  hydrogen 
ion  at  a  platinum  microelectrode  to  study  the  relationship 
of  both  the  proton  concentration  and  the  electronic 
charge  versus  the  ionic  strength  during  the  oxidation  of 
polyaniline  films  at  a  large  electrode. 

Microdisk  electrodes  have  been  applied  to  investigate 
the  cathodic  reduction  of  oxygen  in  purified  water  and 
in  solutions  with  small  amounts  of  neutral  electrolytes 
[86,87].  All  current-potential  responses  at  Pt,  Ag  and  Au 
microdisks  gave  well  formed  reduction  waves  for  oxygen. 
It  has  been  shown  that  several  factors  such  as  the  lack 
of  buffering  capacity  in  the  media,  the  high  rate  of  mass 
transport  to  and  from  microelectrodes,  the  state  of 
oxidation  of  the  cathode  surface  and  the  uncompensated 
IR  drop,  influence  the  current  responses.  The  work  was 
initiated  by  the  interest  in  developing  a  microdisk  sensor 
for  oxygen  in  media  of  low  and  perhaps,  variable  ionic 
strength. 

Kadish  and  coworkers  have  examined  solutions  of 
Qo-  (tt  =  0-4)  in  aprotic  solvents  without  supporting 
electrolyte  [88].  Electrolyte  was  eliminated  to  avoid 
formation  of  ion  pairs.  Under  these  conditions  the 
authors  were  able  to  detect  the  loss  of  at  least  two 
pyridine  molecules  from  the  solvation  shell  of  the 
fullerene  anions  following  each  of  the  first  two 
electroreductions. 

Daniele  et  al.  [89]  have  reported  that  using  disk 
microelectrodes  coated  with  Nation®  film  permits  inves¬ 
tigation  of  mass  transport  within  the  polymer  layer  in 
solutions  of  low  ionic  strength,  including  those  without 
electrolyte.  Campbell  et  al.  [90]  have  studied  the  poten¬ 
tial  window  of  tetrahydrofuran  and  propylene  carbon¬ 
ate  with  a  10  pm  electrode  without  supporting 
electrolyte.  The  influence  of  such  compounds  as  2- 
methylfuran,  1,2-propanediol  and  water  have  been  re¬ 
ported.  The  implications  of  the  findings  for  the 


M.  Ciszkowska ,  Z.  Stojek  /Journal  of  Electroanalytical  Chemistry  466  (1999)  129-143 


139 


secondary  lithium  cells  have  been  discussed.  Rolison 
and  Stemple  [91]  have  demonstrated  the  ability  to  drive 
catalytic  processes  when  dc  voltages  are  applied  to  low 
ionic  strength  dispersions  for  the  selective  partial  oxida¬ 
tion  of  propene  in  an  aqueous  dispersion  of  Pd(II)- 
Cu(II)  supported  on  Y  zeolite. 

The  higher  the  concentration  of  supporting  elec¬ 
trolyte,  NaCl,  the  lower  was  the  equilibrium  constant 
for  the  disruption  of  the  a-ferrocenylundecyl-a>-hy- 
droxy-polyoxy ethylene  micelles.  This  has  been  pre¬ 
sented  by  Watanabe  and  co-workers  [92]  after 
examination  of  positive  half-wave  potentials  of  the 
micelles  in  aqueous  solutions.  The  change  in  diffusion 
coefficients  and  aggregation  numbers  could  not  explain 
the  large  changes  in  the  half-wave  potential  according 
to  the  equation  derived  by  the  authors. 

It  has  been  found  that  the  measurement  of  rate 
constants  of  dissolution  of  AgCl  can  be  performed  in 
solutions  without  supporting  electrolyte  with  greater 
precision  compared  to  the  situation  where  an  inert 
electrolyte  is  present.  Macpherson  and  Unwin  [93]  have 
used  a  probe  ultramicroelectrode  positioned  close  to  a 
silver  chloride  surface  (pressed  pellet  or  electrochemi- 
cally  grown  film)  to  induce  and  monitor  the  dissolution 
process  via  the  reduction  of  Ag  +  . 

Barbero  and  Kotz  [94]  claim  that  electrochemical 
polymerization  without  supporting  electrolyte  would 
most  probably  result  in  a  material  with  more  repro¬ 
ducible  and  better  defined  properties,  and  is  therefore  a 
technique  to  be  encouraged. 

To  be  able  to  draw  the  right  thermodynamic  conclu¬ 
sions  from  the  data  obtained  without  supporting  elec¬ 
trolyte,  the  potential  axis  for  the  waves  should  be 
appropriately  corrected  for  ohmic  drop.  This  problem 
has  been  addressed,  and  interesting  solutions  suggested 
by  Bento  et  al.  [95,96]. 


9.  Polyelectrolytes  and  colloids 

Voltammetry  at  microelectrodes  without  supporting 
electrolyte  has  been  introduced  as  a  very  useful  tech¬ 
nique  for  studying  the  transport  of  electroactive  ions 
and  molecules  in  such  complex  systems  as  solutions  of 
polyelectrolytes,  large  polymer  molecules  with  one  or 
more  ionic  groups  per  monomer  unit  [40,97-102],  col¬ 
loidal  suspensions  [103-105],  and  polymeric  gels  [106]. 
The  electrostatic  interactions  between  a  polyelectrolyte 
and  simple  counterions  are  the  strongest  in  solutions  of 
very  low  ionic  strength.  These  interactions  affect  the 
diffusion  coefficients  of  the  counterions  strongly,  and 
therefore,  can  be  evaluated  by  measuring  the  changes  in 
the  diffusion  coefficients.  Since  the  steady-state  current 
at  a  microelectrode  is  directly  proportional  to  the  diffu¬ 
sion  coefficient  of  a  counterion,  voltammetric  tech¬ 
niques  bring  to  these  studies  good  accuracy  and  high 


precision.  It  has  been  demonstrated  that  voltammetric 
results  obtained  in  polyelectrolyte  solutions  are  free 
from  experimental  artifacts  connected  with  the  interfa¬ 
cial  nature  of  the  measurements,  and  the  diffusion 
coefficients  measured  by  voltammetry  agree  well  with 
self-diffusion  coefficients  determined  by  an  independent 
method,  pulsed-field-gradient  spin-echo  NMR  [99].  The 
cost  and  complexity  of  voltammetric  experiments  are 
negligible  in  comparison  with  radioactive  tracer  and 
pulsed-field-gradient  spin-echo  NMR  methods,  which 
have  been  used  so  far  to  determine  transport  of  count¬ 
erions  in  polyelectrolyte  systems  [107-109]. 

The  voltammetric  studies  of  the  counterion  transport 
in  polyelectrolyte  solutions  have  been  based  on  com¬ 
parison  of  the  diffusion  coefficient  of  a  counterion  in 
polyelectrolyte  solution  with  that  in  simple  solution. 
The  procedure  has  involved  the  following  steps:  (i) 
determination  of  D  of  the  counterion  in  polyelectrolyte 
solution  over  a  wide  range  of  concentrations  of  sup¬ 
porting  electrolyte;  (ii)  determination  of  D0  of  the  same 
ion  in  simple,  nonpolyelectrolyte  solution  for  the  same 
concentrations  of  supporting  electrolyte;  (iii)  compari¬ 
son  of  the  D -values  from  polyelectrolyte  solution  with 
that  from  simple  solution.  Two  techniques  have  been 
used  to  study  the  transport  of  counterion  in  polyelec¬ 
trolyte  solutions.  First,  the  transport  of  the  hydrogen 
counterion,  the  product  of  the  dissociation  of  a  poly¬ 
acid,  was  determined  from  the  steady-state  reduction 
currents  of  H+  at  platinum  microelectrodes.  In  solu¬ 
tions  without  or  with  a  low  level  of  supporting  elec¬ 
trolyte,  the  limiting  steady-state  current  is  controlled  by 
both  diffusional  and  migrational  transport  of  the  elec¬ 
troactive  ion.  The  second  technique  introduces  the  con¬ 
cept  of  the  probe  counterion  [98,99,101,102].  The  use  of 
metal  cations  such  as  Tl  +  ,  Cd2  +  ,  and  Pb2+  as  elec¬ 
troactive  probe  counterions  in  PSSA  solutions  has  been 
proposed.  The  concentration  of  the  probe  counterion 
should  be  much  lower  than  the  concentration  of  poly¬ 
acid  to  give  the  same  interactions  between  the  polyion 
and  both  hydrogen  (from  the  dissociation  of  PSSA)  and 
metal  counterion.  Additionally,  if  the  concentration  of 
probe  counterion  is  at  least  50  times  lower  than  the 
concentration  of  native  counterion,  the  latter  acts  as  the 
supporting  electrolyte  for  the  metal  ion,  and  the  trans- 
port-limited  steady-state  current  of  the  reduction  of  the 
metal  probe  cation  is  not  larger  than  1.005  times  the 
diffusional  value  [36]. 

It  has  been  found  that  the  diffusion  coefficient  of 
monovalent  counterions,  H  +  and  T1  + ,  in  polystyrene- 
sulfonic  acid),  PSSA,  solution  without  supporting  elec¬ 
trolyte  is  0.35  of  that  in  simple  acid  solution.  The 
transport  of  multicharged  cations  in  this  medium  is 
suppressed  even  more.  The  diffusion  coefficient  of  the 
divalent  counterions,  Pb2+  and  Cd2  +  ,  in  PSSA  solu¬ 
tions  without  electrolyte  was  0.06  of  the  value  in  the 
simple  solution.  The  dependence  of  the  normalized 
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Fig.  6.  Transport  of  Tl+  and  Cd2  +  probe  ions  in  poly(styrenesul- 
fonic  acid),  PSSA,  solutions  and  its  dependence  on  concentration  of 
electrolyte,  LiC104.  0.1  mM  Tl+  in  20  mM  PSSA  (0),  0.05  mM  Tl  + 
in  2  mM  PSSA  (V),  0.1  mM  Cd2+  in  20  mM  PSSA  (□),  and  0.05 
mM  Cd2+  in  2  mM  PSSA  (  +  ).  /  =  cSE/cPSSA,  Z)-difTusion  coeffi¬ 
cient  in  PSSA  solution,  D0-diffusion  coefficient  without  PSSA. 


diffusion  coefficient  in  polyelectrolyte  solution,  which  is 
the  ratio  of  the  diffusion  coefficient  in  PSSA  to  that  in 
simple  solution,  D/D0,  on  the  concentration  of  support¬ 
ing  electrolyte  given  as  the  support  ratio,  y  =  cPSSA/cSE, 
is  presented  in  Fig.  6.  As  one  can  see  the  diffusion 
coefficient  of  the  probe  ion  increases  with  addition  of 
electrolyte,  and  for  sufficient  excess  supporting  elec¬ 
trolyte  it  reaches  a  value  identical  to  the  diffusion 
coefficient  in  a  solution  without  polyelectrolyte. 


10.  Analytical  applications 

In  chemical  analysis  and  especially  in  trace  analysis, 
an  addition  of  supporting  electrolyte  may  introduce 
unwanted  impurities  to  the  sample.  However,  some 
unknown  ions  are  always  present  in  the  solution,  even 
if  no  supporting  electrolyte  is  added.  One  or  more  of 
those  ions  neutralize  the  excess  charge  produced  at  the 
surface  of  the  electrode  by  the  reduction/oxidation  pro¬ 
cess  of  the  uncharged  reagent.  This  may  lead  to  unex¬ 
pected  complications.  Therefore,  in  some  cases,  it  might 
be  reasonable  to  add  a  very  small  amount  of  a  chosen 
salt  (to  a  level  exceeding  several  times  that  of  the 
unknown  counterion).  This  addition  will  clarify  the 
process  of  accumulation  of  counterions. 

10. 1.  Anodic  stripping 

Anodic  stripping  studies  are  very  important  from  the 
analytical  point  of  view,  especially  in  environmental 
analysis  of  natural  waters.  The  deposition  process  is 
usually  not  complicated  in  solutions  without  supporting 
electrolyte.  Some  problems  may  appear  in  the  interpre¬ 
tation  of  the  stripping  peaks.  This  is  related  to  the  fact, 
that  during  the  oxidation  of  the  preconcentrated  metal 


from  the  electrode  the  counterions  are  drawn  from  the 
solution,  their  identity  is  often  not  known,  and  the 
concentration  of  both  cation  and  counterion  at  the 
electrode  surface  at  the  peak  potential  are  very  high. 
Therefore,  the  type  of  the  counterion  in  a  particular 
water  sample  should  have  an  influence  on  the  peak 
position  and  width. 

A  review  on  the  present  status,  perspectives  and 
challenges  of  in  situ  voltammetric  measurements  in 
natural  waters  is  given  by  Tercier  and  Buffle  [110].  An 
in  situ  analysis  of  water  in  lakes  or  seas  is  technically 
easier  without  the  step  of  addition  of  supporting  elec¬ 
trolyte.  Buffle  and  co-workers  [111,112]  have  proposed 
the  use  of  an  iridium-based  mercury-plated  microelec¬ 
trode  to  determine  trace  metals  at  nM  concentration 
levels.  These  electrodes  have  been  shown  to  give  analyt¬ 
ically  reproducible  results  and  may  be  used  in  low- 
ionic-strength  media  such  as  lake  waters.  Nanomolar 
concentrations  of  Pb(II)  and  Cd(II)  were  determined  in 
solutions  of  the  lake  water  without  added  electrolyte. 

Anodic  stripping  determination  of  cadmium  and  lead 
in  pure  water,  of  conductivity  as  low  as  0.6  pS  cm-1, 
was  studied  by  Daniele  and  Mazzocchin  [113]  at  a 
mercury  microelectrode  based  on  a  platinum  disk  elec¬ 
trode.  The  anodic  stripping  peaks  were  investigated  in 
detail  to  examine  the  influence  of  the  solution  resistance 
and  migration  on  the  peak  position,  peak  width  at 
half-height,  w1/2,  and  peak  current.  The  results  show 
that  the  presence  of  a  small  ohmic  drop  leads  to  larger 
w1/2  values  than  those  obtained  in  the  presence  of 
supporting  electrolyte,  while  the  peak  position  varies 
slightly  as  a  consequence  of  a  change  in  the  liquid 
junction  potential.  In  a  series  of  papers,  Daniele  et  al. 
[114-118]  presented  voltammetry  at  microelectrodes  in 
solutions  without  added  supporting  electrolyte  as  a 
successful  technique  for  the  determination  of  heavy 
metals  and  other  components  in  such  natural  samples 
as  rain,  and  sea  water,  wine  and  milk. 

Nyholm  and  Wikmark  [119,120]  presented  the  results 
of  the  anodic  stripping  voltammetric  studies  of  copper 
(II),  lead  (II)  and  mercury  (II).  The  determination  of 
copper  ions  with  mercury-coated  carbon  fiber  mi¬ 
croelectrodes  formed  ex-situ  was  performed  with  a  low 
concentration  of  supporting  electrolyte.  The  experi¬ 
ments  showed  that  the  copper  peaks  were  broad  and 
non-symmetrical  when  the  concentration  of  electrolyte 
was  less  than  ca.  10“ 6  M,  despite  the  fact  that  well 
defined  peaks  were  still  obtained  for  lead.  An  addition 
of  a  small  amount  of  NaN03  was  found  to  increase  the 
reproducibility  of  the  measurements,  particularly  in  the 
differential-pulse  mode;  5x  10“ 10  M  Cu2+  could  be 
determined  with  a  deposition  time  of  1800  s  in  the 
presence  of  2.5x10“ 6  M  NaN03.  As  the  authors 
suggested,  two  other  factors  in  addition  to  migration 
influence  the  stripping  peak  shapes  and  potentials;  dou¬ 
ble-layer  structure  and  supersaturation  of  the  mercury 
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film.  A  very  low  concentration  of  lead  ion,  3.2  x 
10" 11  M,  was  also  determined  successfully  by  Wong 
and  Ewing  [121]  using  anodic  stripping  voltammetry 
without  added  supporting  electrolyte  at  ultrasmall 
carbon  ring  electrodes  coated  in  situ  with  mercury. 

10.2.  Other  applications 

Interesting  applications  of  voltammetry  with  mi¬ 
croelectrodes  without  supporting  electrolyte  were  pro¬ 
posed  by  Perdicakis  et  al.  [44,122].  The  authors  have 
determined  acid  numbers  of  fluid  lubricants,  phos¬ 
phate  esters,  based  on  the  reduction  steady-state  cur¬ 
rents  of  hydrogen  ion  at  platinum  microelectrodes  in 
solutions  without  supporting  electrolyte.  The  authors 
also  studied  the  partition  reaction  of  Bu4NI  and 
Et4NPic  between  phosphate  buffer  and 
dichloromethane  without  adding  supporting  elec¬ 
trolyte.  Extraction  and  dissociation  constants  were  de¬ 
termined  by  voltammetry  in  the  organic  phase. 

Voltammetry  with  microelectrodes  without  or  with 
very  low  levels  of  supporting  electrolyte  was  also  used 
for  the  determination  of  water  in  acetone  solutions  of 
such  samples  as  acetone  itself,  butter,  oil  and  inor¬ 
ganic  salts  [123],  determination  of  anthracene  and 
phenanthrene  in  chlorobenzene  solutions  [35],  and  de¬ 
termination  of  alkyl  iodides  in  propylene  carbonate 
[32]. 

Jiang  et  al.  [124]  have  shown  that  well  defined 
voltammograms  with  good  reproducibility  can  be  ob¬ 
tained  without  supporting  electrolyte  by  use  of  a 
composite  microdisk  electrode  (Nation®  117/Cu).  The 
measured  current  of  nitrobenzene  in  methanol  was 
dependent  on  dissolution  and  transport  rate  in  the 
membrane;  however  it  is  proportional  to  the  concen¬ 
tration  of  the  analyte  in  the  organic  solvent  over  a 
wide  range. 


Acknowledgements 

This  work  was  supported  in  part  by  the  Office  of 
Naval  Research  under  grant  No.  N00014-98-1-0244, 
by  the  Petroleum  Research  Fund  grant  number 
33157-G7,  and  by  the  NATO  Collaborative  Research 
Grant  number  CRG.SRG  974399.  Z.S.  acknowledges 
the  University  of  Warsaw  grant  No.  BST-592/5/98. 


References 

[1]  I.  Slendyk,  Coll.  Czech.  Chem.  Comm.  3  (1931)  385. 

[2]  (a)  W.  Kemula,  M.  Michalski,  Roczn.  Chem.  (Polish  J.  Chem.), 
16  (1936)  525.  (b)  J.J.  Lingane,  I.M.  KolthofT,  J.  Am.  Chem. 
Soc.  61  (1939)  1045. 


[3]  R.M.  Wightman,  D.O.  Wipf,  Voltammetry  at  Ultramicroelec¬ 
trodes,  in:  A.J.  Bard  (Ed.),  Electroanalytical  Chemistry,  vol.  15, 
Marcel  Dekker,  NY,  1989. 

[4]  M.I.  Montenegro,  M.A.  Queiros,  J.L.  Daschbach  (Eds.),  Mi¬ 
croelectrodes:  Theory  and  Application,  NATO  ASI  Series,  Vol. 
197,  Kluwer,  Dordrecht,  1991. 

[5]  M.  Fleischmann,  S.  Pons,  D.R.  Rolison,  P.O.  Schmidt  (Eds.), 
Ultramicroelectrodes,  Datatech  System,  Morganton,  NC,  1987. 

[6]  A.M.  Bond,  K.B.  Oldham,  C.G.  Zoski,  Anal.  Chim.  Acta  216 
(1989)  177. 

[7]  J.  Heinze,  Angew.  Chem.  Int.  Ed.  Engl.  30  (1991)  170. 

[8]  Z.  Stojek,  Mikrochim.  Acta  2  (1991)  353. 

[9]  K.  Aoki,  Electroanalysis  5  (1993)  627. 

[10]  J.  Heinze,  Angew.  Chem.  Int.  Ed.  Engl.  32  (1993)  1268. 

[11]  R.J.  Foster,  Chem.  Soc.  Rev.  23  (1994)  289. 

[12]  A.M.  Bond,  Analyst  119  (1994)  Rl. 

[13]  M.I.  Montenegro,  Applications  of  Microelectrodes  in  Kinetics, 
in:  R.G.  Compton,  G.  Hancock  (Eds.),  Research  in  Chemical 
Kinetics,  vol.  2,  Elsevier,  Amsterdam,  1994. 

[14]  C.  Amatore,  Electrochemistry  at  Ultramicroelectrodes,  in:  I. 
Rubinstein  (Ed.),  Physical  Electrochemistry,  Marcel  Dekker, 
NY,  1995. 

[15]  C.  Amatore,  M.R.  Deakin,  R.M.  Wightman,  J.  Electroanal. 
Chem.  225  (1987)  49. 

[16]  C.  Amatore,  B.  Fosset,  J.  Bartelt,  M.R.  Deakin,  R.M.  Wight¬ 
man,  J.  Electroanal.  Chem.  256  (1988)  255. 

[17]  K.B.  Oldham,  J.  Electroanal.  Chem.  250  (1988)  1. 

[18]  K.B.  Oldham,  J.  Electroanal.  Chem.  337  (1992)  91. 

[19]  J.B.  Cooper,  A.M.  Bond,  J.  Electroanal.  Chem.  315  (1991)  143. 

[20]  J.B.  Cooper,  A.M.  Bond,  K.B.  Oldham,  J.  Electroanal.  Chem. 
331  (1992)  877. 

[21]  D.R.  Baker,  M.W.  Verbrugge,  J.  Newman,  J.  Electroanal. 
Chem.  314  (1991)  23. 

[22]  J.C.  Myland,  K.B.  Oldham,  J.  Electroanal.  Chem.  347  (1993) 
49. 

[23]  (a)  A.  Jaworski,  M.  Donten,  Z.  Stojek,  J.  Electroanal.  Chem. 
407  (1996)  75.  (b)  A.  Jaworski,  M.  Donten,  Z.  Stojek,  J. 
Electroanal.  Chem.  420  (1997)  307. 

[24]  W.  Hyk,  M.  Palys,  Z.  Stojek,  J.  Electroanal.  Chem.  415  (1996) 
13. 

[25]  W.  Hyk,  Z.  Stojek,  J.  Electroanal.  Chem.  422  (1997)  179. 

[26]  W.  Hyk,  Z.  Stojek,  J.  Electroanal.  Chem.  439  (1997)  81. 

[27]  M.  Palys,  Z.  Stojek,  M.  Bos,  W.E.  van  der  Linden,  J.  Elec¬ 
troanal.  Chem.  383  (1995)  105. 

[28]  J.D.  Norton,  H.S.  White,  S.W.  Feldberg,  J.  Phys.  Chem.  94 
(1990)  6772. 

[29]  M.  Rudolf,  J.  Electroanal.  Chem.  375  (1994)  89. 

[30]  C.P.  Smith,  H.S.  White,  Anal.  Chem.  65  (1993)  3343. 

[31]  A.M.  Bond,  P.A.  Lay,  J.  Electroanal.  Chem.  199  (1986)  285. 

[32]  M.  Ciszkowska,  Z.  Stojek,  J.G.  Osteryoung,  Anal.  Chem.  62 
(1990)  349. 

[33]  A.M.  Bond,  M.  Fleischmann,  J.  Robinson,  J.  Electroanal. 
Chem.  168  (1984)  299. 

[34]  J.O.  Howell,  R.M.  Wightman,  J.  Phys.  Chem.  88  (1984)  3915. 

[35]  M.  Ciszkowska,  Z.  Stojek,  J.  Electroanal.  Chem.  213  (1986) 
189. 

[36]  M.  Ciszkowska,  J.G.  Osteryoung,  Anal.  Chem.  67  (1995)  1125. 

[37]  Y.I.  Kharkats,  A.V.  Sokirko,  F.H.  Bark,  J.  Electroanal.  Chem. 
379  (1994)  43. 

[38]  S.  Daniele,  M.A.  Baldo,  M.  Corbetta,  G.A.  Mazzocchin,  J. 
Electroanal.  Chem.  379  (1994)  261. 

[39]  M.  Ciszkowska,  Z.  Stojek,  S.E.  Morris,  J.G.  Osteryoung,  Anal. 
Chem.  64  (1992)  2372. 

[40]  S.E.  Morris,  M.  Ciszkowska,  J.G.  Osteryoung,  J.  Phys.  Chem. 
97  (1993)  10453. 

[41]  Z.  Stojek,  M.  Ciszkowska,  J.G.  Osteryoung,  Anal.  Chem.  66 
(1994)  1507. 


142 


M.  Ciszkowska ,  Z.  Stojek  /Journal  of  Elec troanalytical  Chemistry  466  (1999)  129-143 


[42]  M.  Ciszkowska,  Z.  Stojek,  J.G.  Osteryoung,  J.  Electroanal. 
Chem.  398  (1995)  49. 

[43]  M.  Ciszkowska,  A.  Jaworski,  J.G.  Osteryoung,  J.  Electroanal. 
Chem.  423  (1997)  95. 

[44]  M.  Perdicakis,  C.  Piatnicki,  M.  Sadik,  R.  Pasturaud,  B.  Ben- 
zakour,  J.  Bessiere,  Anal.  Chim.  Acta  273  (1993)  81. 

[45]  A.  Jaworski,  Z.  Stojek,  J.G.  Osteryoung,  Anal.  Chem.  67 
(1995)  3349. 

[46]  Y.I.  Kharkats,  A.V.  Sokirko,  J.  Electroanal.  Chem.  303 
(1991)  27. 

[47]  K.B.  Oldham,  Anal.  Chem.  68  (1996)  4173. 

[48]  M.T.  Hicks,  P.S.  Fedkiw,  J.  Electroanal.  Chem.  424  (1997) 
75. 

[49]  Y.  Xie,  T.Z.  Liu,  J.G.  Osteryoung,  Anal.  Chem.  68  (1996) 
4124. 

[50]  K..  Oldham,  Anal.  Chem.  69  (1997)  446. 

[51]  M.  Palys,  Z.  Stojek,  M.  Bos,  W.  van  der  Linden,  Anal. 
Chim.  Acta  337  (1997)  5. 

[52]  M.  Palys,  E.  Rostek,  Z.  Stojek,  Anal.  Chim.  Acta  377  (1998) 
29. 

[53]  S.  Daniele,  C.  Bragato,  M.A.  Baldo,  J.  Electroanal.  Chem. 
439  (1997)  153. 

[54]  M.W.  Verbrugge,  D.R.  Baker,  J.  Phys.  Chem.  96  (1992) 
4572. 

[55]  A.  Jaworski,  M.  Donten,  Z.  Stojek,  Anal.  Chim.  Acta  305 
(1995)  106. 

[56]  X.  Gao,  H.S.  White,  Anal.  Chem.  67  (1995)  4057. 

[57]  J.  Gadomska,  M.  Donten,  Z.  Stojek,  L.  Nyholm,  Analyst  121 
(1996)  1869. 

[58]  M.  Donten,  Z.  Stojek,  J.  Electroanal.  Chem.  405  (1996)  183. 

[59]  R.A.  Malmsten,  H.S.  White,  J.  Electrochem.  Soc.  133  (1986) 
1067. 

[60]  R.A.  Malmsten,  C.P.  Smith,  H.S.  White,  J.  Electroanal. 
Chem.  215  (1986)  223. 

[61]  R.B.  Morris,  K.F.  Fischer,  H.S.  White,  J.  Phys.  Chem.  92 
(1988)  5306. 

[62]  J.D.  Norton,  S.A.  Anderson,  H.S.  White.  J.  Phys.  Chem.  96 
(1992)  3. 

[63]  Q.  Li,  H.S.  White,  Anal.  Chem.  67  (1995)  561. 

[64]  K.J.  Stevenson,  H.S.  White,  J.  Phys.  Chem.  100  (1996)  18818. 

[65]  S.C.  Paulson,  N.D.  Okerlund,  H.S.  White,  Anal.  Chem.  68 
(1996)  581. 

[66]  S.R.  Ragsdale,  H.S.  White,  J.  Electroanal.  Chem.  432  (1997) 
199. 

[67]  R.L.  McCarley,  M.  Morita,  K.O.  Wilboum,  R.W.  Murray,  J. 
Electroanal.  Chem.  245  (1988)  321. 

[68]  J.  Cassidy,  S.B.  Khoo,  S.  Pons,  M.  Fleischmann,  J.  Phys. 
Chem.  89  (1985)  3933. 

[69]  M.  Ciszkowska,  Z.  Stojek,  J.  Electroanal.  Chem.  344  (1993) 
135. 

[70]  M.  Koncka,  Z.  Stojek,  Electroanalysis  7  (1995)  1010. 

[71]  J.  Gadomska,  Z.  Stojek,  Electroanalysis  10  (1998)  307. 

[72]  J.  Gadomska,  Z.  Stojek,  Polish  J.  Chem.  72  (1998)  1116. 

[73]  W.  Hyk,  Z.  Stojek,  J.  Phys.  Chem.  102  (1998)  577. 

[74]  C.  Beriet,  D.  Pletcher,  J.  Electroanal.  Chem.  361  (1993)  93. 

[75]  C.  Beriet,  D.  Pletcher,  J.  Electroanal.  Chem.  375  (1994)  213. 

[76]  M.F.  Bento,  M.J.  Medeiros,  M.I.  Montenegro,  C.  Beriot,  D. 
Pletcher,  J.  Electroanal.  Chem.  345  (1993)  273. 

[77]  F.  Rourke,  R.  Gash,  J.A.  Crayston,  J.  Organometallic  Chem. 
423  (1992)  223. 

[78]  J.D.  Norton,  W.E.  Benson,  H.S.  White,  B.D.  Pendley,  H.D. 
Abruna,  Anal.  Chem.  63  (1991)  1909. 

[79]  J.D.  Norton,  H.S.  White,  J.  Electroanal.  Chem.  325  (1992) 
341. 

[80]  C.  Amatore,  M.F.  Bento,  M.I.  Montenegro,  Anal.  Chem.  67 
(1995)  2800. 

[81]  C.  Amatore,  S.C.  Paulson,  H.S.  White,  J.  Electroanal.  Chem. 


439  (1997)  173. 

[82]  J.B.  Cooper,  A.M.  Bond,  Anal.  Chem.  65  (1993)  2724. 

[83]  Z.  Stojek,  J.G.  Osteryoung,  Anal.  Chem.  60  (1988)  131. 

[84]  R.T.  Robertson,  B.D.  Pendley,  J.  Electroanal.  Chem.  374 
(1994)  173. 

[85]  M.H.T.  Frank,  G.  Denuault,  J.  Electroanal.  Chem.  379 
(1994)  399. 

[86]  D.  Pletcher,  S.  Sotiropoulos,  J.  Electroanal.  Chem.  356  (1993) 
109. 

[87]  D.  Pletcher,  S.  Sotiropoulos,  J.  Chem.  Soc.  Farad.  Trans.  91 
(1995)  457. 

[88]  B.  Soucaze-Guillous,  W.  Kutner,  K.M.  Kadish,  J.  Elec¬ 
trochem.  Soc.  143  (1996)  550. 

[89]  S.  Daniele,  P.  Ugo,  C.  Bragato,  G.  A  Mazzochin,  J.  Elec¬ 
troanal.  Chem.  418  (1996)  29. 

[90]  S.A.  Campbell,  C.  Bowes,  R.S.  McMillan,  J.  Electroanal. 
Chem.  284  (1990)  195. 

[91]  D.R.  Rolison,  J.Z.  Stemple,  J.  Chem.  Soc.,  Chem.  Commun. 
(1993)  25. 

[92]  Y.  Takeoka,  T.  Aoki,  K.  Sanui,  N.  Ogata,  M.  Watanabe,  J. 
Electroanal.  Chem.  438  (1997)  153. 

[93]  J.V.  Macpherson,  P.R.  Unwin,  J.  Phys.  Chem.  100  (1996) 
19475. 

[94]  C.  Barbero,  R.  Kotz,  Adv.  Mater.  6  (1994)  577. 

[95]  M.F.  Bento,  L.  Thouin,  C.  Amatore,  I.  Montenegro,  J.  Elec¬ 
troanal.  Chem.  446  (1998)  91. 

[96]  M.F.  Bento,  L.  Thouin,  I.  Montenegro,  C.  Amatore,  J.  Elec¬ 
troanal.  Chem.  443  (1998)  137. 

[97]  M.  Ciszkowska,  J.G.  Osteryoung,  J.  Phys.  Chem.  98  (1994) 
3194. 

[98]  M.  Ciszkowska,  J.G.  Osteryoung,  J.  Phys.  Chem.  98  (1994) 
11791. 

[99]  M.  Ciszkowska,  L.  Zeng,  E.O.  Stejskal,  J.G.  Osteryoung,  J. 
Phys.  Chem.  99  (1995)  11764. 

[100]  C.  Scordilis-Kelley,  J.G.  Osteryoung,  J.  Phys.  Chem.  100 
(1996)  797. 

[101]  M.  Ciszkowska,  J.G.  Osteryoung,  J.  Phys.  Chem.  100  (1996) 
4630. 

[102]  M.  Ciszkowska,  J.G.  Osteryoung,  J.  Phys.  Chem.  102  (1998) 
291. 

[103]  S.E.  Morris,  J.G.  Osteryoung,  in:  R.A.  Mackay,  J.  Texter 
(Eds.),  Electrochemistry  in  Colloids  and  Dispersions,  VCH, 
NY,  1992. 

[104]  J.M.  Roberts,  P.  Linse,  J.G.  Osteryoung,  Langmuir  14  (1998) 
204. 

[105]  J.M.  Roberts,  Voltammetric  Characterization  of  Electrostatic 
Interactions  in  Colloid  Systems,  PhD.  Dissertation,  North 
Carolina  State  University,  Raleigh,  NC,  1998. 

[106]  M.  Ciszkowska,  M.D.  Guillaume,  J.  Phys.  Chem.  A.  103 
(1999)  607. 

[107]  P.  Ander,  in:  S.W.  Shalaby,  C.L.  McCormick,  G.B.  Butler 
(Eds.),  Water-Soluble  Polymers,  in  ACS  Symposium  Series, 
vol.  467,  American  Chemical  Society,  Washington,  DC,  1991. 

[108]  L.G.  Nilsson,  L.  Nordenskiold,  P.  Stilbs,  W.H.  Braunlin,  J. 
Phys.  Chem.  89  (1985)  3385. 

[109]  L.G.  Nilsson,  L.  Nordenskiold,  P.  Stilbs,  J.  Phys.  Chem.  91 
(1987)  6210. 

[110]  M.L.  Tercier,  J.  Buffle,  Electroanalysis  5  (1993)  187. 

[111]  R.R.  De  Vitre,  M.L.  Tercier,  M.  Tsacopoulos,  J.  Buffle, 
Anal.  Chim.  Acta  249  (1991)  419. 

[112]  R.R.  De  Vitre,  M.L.  Tercier,  J,  Buffle,  Anal.  Proc.  28  (1991) 
74. 

[113]  S.  Daniele,  G.A.  Mazzocchin,  Anal.  Chim.  Acta  273  (1993) 
3. 

[114]  S.  Daniele,  M.A.  Baldo,  P,  Ugo,  G.A.  Mazzocchin,  Anal. 
Chim.  Acta  219  (1989)  9. 

[115]  S.  Daniele,  M.A.  Baldo,  P.  Ugo,  G.A.  Mazzocchin,  Anal. 
Chim.  Acta  219  (1989)  19. 


M.  Ciszkowska ,  Z.  Stojek  /  Journal  of  Electroanalytical  Chemistry  466  (1999)  129-143 


143 


[116]  S.  Daniele,  M.A.  Baldo,  P.  Ugo,  G.A.  Mazzocchin,  Anal. 
Chim.  Acta  238  (1990)  357. 

[117]  M.A.  Baldo,  S.  Daniele,  P.  Ugo,  G.A.  Mazzocchin,  Anal. 
Chim.  Acta  272  (1993)  151. 

[118]  M.A.  Baldo,  S.  Daniele,  P.  Ugo,  G.A.  Mazzocchin,  Analyst  119 
(1994)  1239. 

[119]  L.  Nyholm,  G.  Wikmark,  Anal.  Chim.  Acta  257  (1992)  7. 


[120]  L.  Nyholm,  G.  Wikmark,  Anal.  Chim.  Acta  273  (1993)  41. 

[121]  D.K.Y.  Wong,  A.G.  Ewing,  Anal.  Chem.  62  (1990)  2697. 

[122]  L.  Mignano,  M.  Perdicakis,  J.  Bessiere,  Anal.  Chim.  Acta  305 
(1995)  137. 

[123]  M.  Ciszkowska,  Z.  Stojek,  Analyst  119  (1994)  239. 

[124]  J.-H.  Jiang,  B.-L.  Wu,  C.-S.  Che,  R.-S.  Zhai,  Electroanalysis  10 
(1998)  343. 


